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Polymer-matrix compositesThe preparation of bio-composites based on engineering plastic is always restricted by the low thermal stability
of lignocellulose. In this study, the thermal stability of lignocellulose was improved by boric acid modification.
Then, the borated lignocellulose was characterized to analyze the mechanism of involved in the improvement
of thermal stability. Furthermore, the untreated and borated lignocellulose was combined with polyamide 6 to
produce bio-composites. The effects of lignocellulose content and boric acid modification on the color, thermal
stability and mechanical properties of the resulting composites were compared and analyzed. Boric acid
protected lignocellulose from thermal degradation, increasing the lightness of the resulting composites. How-
ever, boric acid appeared to have a negative effect on the mechanical strength of the resulting composites. In
summary, this study demonstrated that bio-composites based on engineering plastic could be prepared by im-
proving the thermal stability of lignocellulose using a boric acid treatment.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).. This is an open access article under1. Introduction
Bio-composites consisting of lignocellulosic fiber and thermoplastic
have been among of the most attractive composites. It has been widelythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tion and other fields due to their advantages of low water absorption
and recyclability [1,2]. They received considerable interest fromboth ac-
ademia and industry because of their good environmental and eco-
nomic benefits. However, there are several drawbacks to overcome for
expanding future uses, such as low strength, poor creep behavior and
thermal stability.
Compared to polyethylene or polypropylene, Polyamide 6 (PA 6), as
an engineering plastic, has excellent mechanical properties, thermal
properties, and chemical stability [1]. Furthermore, a great compatibility
between PA 6 and lignocellulosic fillers can be obtained because of their
similar hydrophilic nature [3]. Studies of lignocellulosic filler reinforced
PA 6 have been increasingly reported in recent literature [4,5]. However,
adding cellulose decreases the strength and elongation of composites
and causes them to darken, because of the thermal degradation of the
cellulose [6]. Although other papers have shown lignocellulosic fillers
can increase the strength of composites, the challenge of the contradic-
tion of the weak thermal stability of natural fibers and the high melting
point of PA 6 is still present [7,8].
Hence, two methods were proposed to solve this problem: increas-
ing the thermal stability of the lignocellulosic fibers and lowering the
melting point of the polyamide 6. Plasma treatment, heat treatment,
and hydroxide (NaOH) solution treatments are generally used to im-
prove the thermal stability of lignocellulose [9,10]. On the other hand,
lithium chloride is commonly used to lower the melting point of poly-
amides [11]. Lignocellulosic fiber/PA 6 composites modified by lithium
chloride (LiCl) have been prepared. LiCl has a positive influence on the
mechanical properties of the resulting bio-composite [3,5].
Boric acid has been widely used as preservative and flame retardant
for wood and bio-composites [12,13]. The flame retardant mechanism
of boric acid is usually believed to occur as a result of the cover effect
of boron trioxide glass films. However, Wang et al. [14] thought than
the hydrogen ion resulting from boric acid, can catalyze the pyrolysis
of lignocellulose during burning and promote the forming of residual
char. Moreover, a complexation of boric acid and nanocellulose occurs
in an alkaline environment, resulting in good fire retardancy for
nanocellulose aerogels [15]. Interestingly, boric acid treatments can
also increase the thermal stability of lignocellulose, especially the
onset temperature of the thermal degradation [16]. The thermal decom-
position mechanism of pure lignocellulose has been studied widely
[17,18]. However, there is a lack of understanding of the mechanism
for the thermal degradation of the borated lignocellulose.
The main purpose of this study was to improve the thermal stability
of wood flour by boric acid modification for use in into PA 6 resin bio-
composites.
2. Materials and methods
2.1. Materials
Poplar-wood flour (30–80 mesh) was ground from poplar-veneer
(Quebec, Canada). Heat stabilized super-tough polyamide 6 (PA 6) par-
ticles (Zytel® ST811HSNC010)with a density of 1.04 g·cm−3were pur-
chased from Polyone Co. Its melting point is 218 °C according to ISO
11357-1 (10 °C∙min−1). Analytical reagent grade boric acid powder
was obtained from Sigma-Aldrich.
2.2. Wood flour modification
Wood flour was immersed in a boric acid solution of 5 wt% for 2 h.
The ratio of solid to liquid was 1:4. Then, the treated wood flour was fil-
tered and oven-dried at 103 °C for 24 h to reach a finalmoisture content
below than 2 wt%. The control group was treated with deionized water
and then oven-dried at 103 °C for 24 h to reach a moisture content
below 2 wt%.2.3. Preparation of wood flour/PA 6 composites
PA 6 particles were oven-dried at 90 °C for 10 h using before
compounding. Thewood flour/PA 6 composites were subsequently pre-
pared in two steps: extrusion and pelleting followed by injection based
on the composite formulations in Table S1. PA 6 particles and wood
flour were compounded using a counter-rotating intermeshing conical
twin-screw extruder (HAAKE PolyLab OS Rheodrive 7 with Rheomex
OS extruding module, HAKKE, Germany). The screw speed was set to
50 rpm while barrel and die temperature was 210 °C.
Tensile and flexural specimens were injected by using an injection
molding machine (MARS II 130/600, Haitian, China). The mold temper-
ature was set at 80 °C, and the barrel temperature was 230 °C. Samples
weremoldedwith an injection pressure of 120MPa and a 70MPa hold-
ing pressure. The injection and holding time were 2 s and 10 s, respec-
tively. All specimens were 3.20 mm thick.
2.4. Characterization
2.4.1. Borated wood flour structure
Wood flour was analyzedwith an attenuated total reflection Fourier
transform infrared spectrophotometer (IRT racer-100, Shimadzu,
Japan). Samples were scanned in the wave number range of
500–4000 cm−1 with a resolution of 4 cm−1. XRD spectra of wood
flour before and after boric acid modification were measured using an
X-ray diffractometer (D/max 2200; Rigaku, Japan) equipped with Ni-
filtered Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 30 mA. 2θ value
ranged from 5° to 40° with a speed of 1°∙min−1. Furthermore, the crys-
tallinity index (CrI) of samples was calculated according to the Segal
method [19].
2.4.2. Thermal stability
The thermal degradation behavior ofwoodflour and thewood flour/
PA 6 composites was investigated by thermogravimetric analysis (TGA)
using a TGA instrument (SDT Q600, TA, USA). The test temperature
ranged from 50 °C to 600 °C at a heating rate of 10 °C∙min−1 under a ni-
trogen atmosphere.
Differential scanning calorimetry was used to investigate the melt-
ing temperatures and enthalpies of the resulting wood flour/PA 6 com-
posites using a DSC instrument (Q50, TA, USA) under a nitrogen
atmospherewith a sampleweight of about 10mg. Sampleswere heated
to 240 °C and held for 3 min to remove their thermal history, and then
cooled down to−30 °C with a cooling rate of 10 °C∙min−1. Finally, the
temperature was increased to 240 °C again at a heating rate of
10 °C∙min−1.
2.4.3. Color analysis
Specimens for color analysis were prepared using hot press. The sur-
face color of the resulting composites was characterized using a CR-410
chromameter (Konica Minolta, Japan) with a CIE Lab system. The color
values, L*, a*, and b*were recorded at 5 randomposition per sample and
averaged. The ΔL*, Δa*, and Δb*were calculated based on the pure PA6
sample value (e.g.ΔL*= L*1 - L*control). The Euclidean distance (ΔE*), ex-
pressing the total color change, was calculated according to Eq. (1):
ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi




Three-point bending testswere conducted according to theASTMD-
790 standard with a span-to-depth ratio of 16:1 and at a speed of
2 mm∙min−1. Test specimens (127 × 12.7 × 3.2 mm) were subjected
to the bending test. Tensile properties were measured according to
the ASTM D-638 standard using specimen Type I at a speed of
5 mm∙min−1. Each formulation was tested in 5 replicates.
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The tested composites were frozen in liquid nitrogen for 10min and
then broken. Afterward, the fracture surfaces of the composites and
wood flourwere sputter coated with gold powder for scanning electron
microscope observations (SEMSU1510,HITACHI, Japan) at an accelerat-
ing voltage of 10 kV. Meanwhile, the surface elements of thewood flour
were analyzed using an energy dispersive spectrometer (X-MAX
20 mm2, Oxford Instrument, UK).
3. Results and discussion
3.1. Properties of borated wood flour
Borated wood flour was prepared after the complexation or esterifi-
cation of poplar by boric acid under air atmosphere conditions (Scheme
1). Typical Fourier transform infrared spectroscopy (FTIR) spectrum of
wood was observed while a large number of FTIR characteristic bands
of tricoordinated and tetrahedra boron were visible in the borated
wood flour spectra, as shown in Fig. 1a [20,21]. The esterification or
complexation of the wood flour and boric acid were successfully proven
by the new bands at 3200, 1380, 1340, 1280, 940 and 810 cm−1, which
can be attributed, respectively, to the stretching vibrations of the boric
acid hydroxyl groups, B-O-B stretching vibrations, B-O-C stretching vi-
brations, stretching vibrations of the B\\O bonds of ‘boroxol rings’, B-
OH in-plane bending vibration, and stretching and bending vibrations
of B\\O in BO4− tetrahedra [22]. In addition, the characteristic bands of
benzene ring at 1600, 1500 and 1450 cm−1were covered by the valence
vibrations bands of B-O-B and B-O-C. The ‘boroxol rings’ indicate the
presence of self-polymerization of the boric acid in the borated wood
flour. The complexation of the boric acid and nanocellulose were also
observed in an alkali environment [15].
Furthermore, previous studies reveal that boric acid can react
with polyhydroxy compounds, forming boric acid-polysaccharide
complexes [23]. Lignin consisting of three alcohol monomers con-
tains a lot of hydroxyls [18]. Thus, boric acid could complex with
the alcohol hydroxyl of lignin or react with phenol hydroxyl in the
way of esterification, as shown in Scheme 1. Therefore, one can see
that wood can react with boric acid by complexation and esterifica-
tion, which may increase the cross-linking degree of wood flour
chemical structure.
The crystallinity (CrI) of wood flour decreased after boric acid treat-
ments (Fig. S1). This decrease can be attributed to the swelling of the
wood flour caused by the boric acid solution. First, boric acid attacked
amorphous regions of the wood flour in a manner similar to water,
then separate microfibrils, damaging the crystalline cellulose. On the
other hand, the intermolecular and intramolecular hydrogen bonds ofScheme 1. Schematic illustration for thecellulose in the crystalline regions are disintegrated and replaced by
B-O-C bonds during the treating process. Furthermore, the boric acid
treatment also altered the crystal form of cellulose of wood flour
(Fig. 1b). It is worth noting that a diffraction shoulder peak at 2θ =
20.60°, attributed to the 101 diffraction crystal face of cellulose II [24],
appeared in the borated wood flour XRD spectrum. This result indicates
that boric acid partly changed the crystal form of cellulose, from cellu-
lose I to cellulose II. Compared to cellulose I, Cellulose II is easier to
form biochar during heating [25], which is conducive to fire retardancy
and thermal stability of lignocellulosic materials. However, the strength
of cellulose II is lower than that of cellulose I because of the smallmolec-
ularweight of cellulose II [24].Moreover, a diffraction peak associated to
boric acid appeared in the XRD spectrum of the borated wood flour, in-
dicating that some unreacted boric acid remains in the treated wood
flour after treatment.
Wood flour thermal decomposition could be divided into two
steps according to its derivative thermogravimetry (DTG) curve: de-
polymerization of hemicellulose and cellulose decomposition
(Fig. 1c). However, three peaks were observed in the DTG curve of
borated wood flour. The first decomposition peak occurring at
about 150 °C is attributed to the dehydration resulted from the
boric acid self-polymerization and the complexation of boric acid
and hydroxyls [23]. The second step, in the range of 300–380 °C, is
mainly due to the depolymerization of hemicellulose and cellulose.
The degradation peaks of hemicellulose and cellulose were com-
bined into one because of the improvement of hemicellulose ther-
mal stability resulting from the increase in cross-linking of wood
flour chemical structure. The final weight loss stage occurred at
380 °C to 450 °C, which was attributed to the degradation of the
boric acid and wood flour complexes. Compared to wood flour, the
thermal degradation rate of borated wood flour decreased whereas
its char residue rate increased. These results show boric acid has a
significant effect on the fire retardancy of lignocellulose, which is
consistent with previous studies [12,26]. However, boric acid re-
duced the temperature at the maximum degradation rate. This de-
crease is related to the alteration of wood flour crystalline
behavior. On the other hand, the free hydrogen ion, produced from
the complexation of the boric acid and wood flour, catalyzes cellu-
lose degradation [14].
The surface of the untreated wood flour was clean, and the pits
were clear (Fig. S2). Some glassymaterials were observed on the sur-
face of the borated wood flour and some macro-fibrils were coated
by a layer of boron compounds (Fig. 1d). This indicates that there
was still some unreacted boric acid remaining on the borated wood
flour, which is in agreement with the XRD results. The energy disper-
sive spectroscopy (EDS) revealed that the boron elements werefabrication of borated wood flour.
Fig. 1. a) FTIR spectra of woodflour, boratedwood flour, and boric acid; b) XRD spectra of wood flour, boratedwood flour and boric acid; c) TGA and DTG curves ofwood flour and borated
wood flour; d) Micro-morphology of borated wood flour.
4 J. Zhang et al. / Materials and Design 191 (2020) 108589evenly distributed in the borated wood cell walls (Fig. 2), whereas
there was no boron in the pure wood flour (Fig. S2). Furthermore,
the distribution of the boron elements was very consistent with theFig. 2. SEM-EDS elemental mappposition of the carbon and oxygen elements. However, the boron el-
ements aggravated at the position where glassy boron films
remained on the surface.ing of borated wood flour.
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3.2.1. Micro-morphology of the resulting composites
The fracture surface of pure PA 6 was smooth while wood flour
was found in the composites (Fig. 3a and e). The amount of wood
flour on the fracture surface increased with increasing wood flour
content in the composites (Fig. 3b, c, and d). Wood flour was ran-
domly oriented and formed interconnecting network structure
when its content was 50% (Fig. 3d), which is conducive to the mod-
ulus of elasticity for composites. However, some voids were ob-
served in WPA50 due to the thermal degradation of the wood flour
(Fig. S3a), which has a negative influence on the composites' proper-
ties. Furthermore, the wood flour was well wetted by the PA 6 resin
and there was no obvious boundary between wood flour and poly-
mer (Fig. 3f, g, and h). This indicates that the interfacial adhesion be-
tween the wood flour and PA 6 was very good. It can be explained by
the fact that they have similar chemical polarity property and the hy-
drogen bonds of amide groups and hydroxyl groups formed between
the PA 6 chains and the wood flour. Besides, most of the wood flour
on the fracture surface was pulled off when the composites were
damaged. Fig. 3h shows that boric acid does not influence the inter-
face compatibility between borated wood flour and PA 6. However,
some glassy boron oxide films were found in the resin matrix
(Figs. 3h & S3b). These boron oxide films were peeled off from the
borated wood flour surface due to the shear force. However, it was
virtually impossible to observe the size of wood flour in the resulting
composites from the SEM photographs because of their complex
structure.
The wood flour in the resulting composites was extracted via dis-
solving the PA 6matrix resin (Fig. S3). There was barely a difference be-
tween the wood flour and borated wood flour morphology before
combined with PA 6 resin. The wood flour shortened after extrusion
and injection for both borated wood flour/PA 6 composites (BWPAC)
and wood flour/PA 6 composites (WPAC) because of screw shear stress
(Table S2 and Fig. S3) [27]. Furthermore, the higher the wood flour con-
tent, the smaller size of the wood flour in composites and the darker
color for the composites. This may be due to the increasing friction in
the wood flour with increasing volume fraction, leading to high friction
heat, then severe wood flour degradation. The color of wood flour for
BWPACs was lighter than that for WPACs. This can be explained by
the fact that boric acid improved the thermal stability of the wood
flour while the length of wood flour in BWPACs was smaller than that
in WPACs. Wood flour swelling caused by the infiltration of boric acid
solution leads to its low crystallinity and then to a decrease in strength
[28]. The alteration of the cellulose crystal form also reduces the
strength of thewood flour as shown in the above XRD analysis (Fig. 1b).Fig. 3. Fracture surface micro-morphology of Pure PA 6 (a & e), wood flour/PA 6 composites con
flours (e & g), and wood flour/PA 6 composites containing 50 wt% borated wood flours (d & h3.2.2. Surface color
Surface color of the resulting composites was influenced by both
wood flour content and boric acid treatment (Figs. 4 and S5). The light-
ness of composites decreased with increasingwood flour content for all
test samples. The maximum decrease of lightness (L) was observed for
WPA50 where the lightness decreased by 51.6% as compared to pure
PA 6. For WPACs, the lightness decreased rapidly when the wood con-
tent was less than 10%. The change in lightness was moderate and al-
most linear when wood flour content ranged from 20% to 40%. For
BWPACs, the lightness decreased when the wood content was less
than 30% and it barely altered when wood content increased above
30%. This decrease can be ascribed to the thermal degradation of the
wood flour, forming biochar and oxidation products such as quinones.
The lightness of BWPACs was greater than that of WPACs, indicating
that boric acid slowed down the lightness decrease of the composites.
This observation can be explained by the fact that boric acid improves
the wood flour thermal stability.
The greatest color difference betweenWPACs and BWPACs was ob-
served in yellowness (b⁎). Compared to pure PA 6, the b⁎ values of
BWPACs increased, whereas they decreased for WPACs. The increase
can be attributed to the addition of wood flour. Lignin derivatives play
an important role in the yellowness of wood flour [29]. However, the
degradation of lignin in the wood flour produced quinone derivatives,
leading to a dark color and a decrease in yellowness. Boric acid com-
plexedwith lignin inwood flour, thereby preventing the thermal degra-
dation of the lignin. A similar phenomenon with boric acid protecting
catechol from oxidation (color darkening) was also observed (Fig. S5).
Thus, the b⁎ values of BWPACs were higher than that of both pure PA
6 and WPACs. The redness of composites increased after adding wood
flour, which resulted from the chromophoric groups inwood chemistry,
especially extractives [29]. The difference in the a⁎ value of BWPACs and
WPACswas not as obvious as for b⁎. The low extractive content of poplar
explains in the above observation. The ΔE values of the BWPACs were
lower than those of the WPACs, indicating that boric acid slowed
down the color change of composites caused by the degradation of
wood flour.
3.2.3. Thermal properties
Two melting peaks were observed in the DSC curves of the tested
samples, indicating the existence of two main crystalline structures
(alpha and gamma) for PA 6 (Fig. 5). The sharp peak in the melting
curves can be attributed to an alpha crystalline formwhile the shoulder
peak in the lower temperature is ascribed to polyamide gamma crystals
for whose thermal stability is lower than that of alpha crystals [11]. It is
well known that crystallinity represents the percentage of the crystal-






































Fig. 4. Color changes of treated and untreated-wood flour/PA 6 composites, varying with wood flour content.
6 J. Zhang et al. / Materials and Design 191 (2020) 108589of the crystalline region [30]. Both thickness and crystallinity (Xc) of the
crystals of the tested composites increased first then decreased with in-
creasingwoodflour content. This increase is attributed to the nucleating180 200 220 240 1




























Fig. 5. DSC curves of the wood flour/PA 6 composites and the borateeffect ofwoodflour,which accelerates crystallization. Thiswas also con-
firmed by the increase in crystallization temperature (Table S3). Similar
crystallization behaviors in bio-composites have been extensively40 160 180 200
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Fig. 6. TGA and DTG curves of wood flour/PA 6 composites (a) and borated wood flour/PA 6 composites (b).
7J. Zhang et al. / Materials and Design 191 (2020) 108589reported [4,31]. However, the crystallinity of WPACs deceased after
wood flour content was higher than 30%. Wood flour restricted the
movement of PA 6 molecular chains, resulting in incomplete crystals.
Wood flour can provide nucleating sites for the crystallization of PA 6
but it may also act as a barrier to crystal growth [32].
Furthermore, the results showed that boric acid had a marginally
negative effect on composites crystallization. An interfacial interaction
between fiber and matrix, as well as their interface shear stress, is be-
lieved to be the most influential parameter in transcrystallization [11].
In the current study, boric acid and its self-polymer acted as lubricants,
thereby reducing shear stress during processing. Therefore, the crystal-
lization induced by the shear force on the surface of the wood flour was
lower for BWPACs than for WPACs. However, the melting temperature
and Xc of BWPACs were higher than those of WPACs when the wood
content was more than 40%. Wood flour thermal decomposition BWPAs
 WPAs











































Fig. 7.Mechanical properties of thewoodflour/PA 6 composites and boratedwood flour/PA6 coproduces organic volatiles, which have a negative effect on the wood
flour and PA 6 matrix interface. However, boric acid slowed down the
thermal degradation of wood flour.
Thermogravimetric analysis (TGA) showed that the thermal stability
of wood flour was lower than that of the composites (Fig. 6a). The situ-
ation was reversed for pure PA 6. The thermal degradation of the com-
posites was due to wood and PA 6 degradation. The temperature at
the maximumweight loss rate (Tmax) of the wood flour in the compos-
iteswas higher than that of pure wood flour due to the fact that the eas-
ily degradable components of wood flour, such as hemicellulose and
extractives, degraded during processing. The Tmax of PA 6 increased
after being combined to wood flour, whereas its maximum degradation
rate decreased. The Tmax and char residue of WPACs increased with in-
creasing wood flour content. Thus, the higher the wood flour content,
the better is the thermal stability of the resulting composites.d
b






































mposites. a) Flexural strength; b)flexuralmodulus; c) tensile strength; d) tensilemodulus.
8 J. Zhang et al. / Materials and Design 191 (2020) 108589Furthermore, the actual char residue rate is bigger than that in theory
for bothWPACs and BWPACs, which revealed that positive interactions
between PA and wood flour in thermal stability were present (Fig. S6).
The difference between actual and theoretical char residue rates was
more obvious for WPACs than for BWPACs. This indicates that the
char increase is mostly contributed by wood flour. Wood flour is
wrapped by PA 6 polymers, suppressing the escape of volatiles pro-
duced from wood degradation then leading to more char formation.
On the other hand, the residual carbonaceous layer produced from
wood flour thermal degradation provides a thermal isolation layer,
slowing down the degradation of the PA 6 [33]. The above results
show that wood flour content plays an important role in the thermal
stability of the PA 6 based bio-composites. A similar degradation behav-
ior was observed for wood fiber/polypropylene composites [34].
Boric acid not only affected the thermal degradation behavior of
the wood flour but also that of the PA 6 (Fig. 6b). The Tmax of the
wood flour in BWPACs decreased compared to the borated wood
flour. The decrease can be attributed to the damage of the borated
wood flour cross-linked structure during the thermal process. In ad-
dition, the degradation of the PA 6was divided into two stages due to
the presence of boric acid (Fig. S7). Boric acid promotes the degrada-
tion of PA 6, resulting in a low degradation temperature. However,
boric acid may have formed complexation with the amino groups
of PA 6. The second degradation peak of PA 6 may contribute to the













































Fig. 8. Stress-strain curves ofwoodflour/PA 6 composites (a) and boratedwoodflour/PA6 comp
composites (c) and borated wood flour/PA 6 composites (d) in tensile tests.flour content, the char residue of BWPACs was bigger than that of
WPACs, indicating boric acid increased the char residue rate of the
resulting composites.3.2.4. Mechanical properties
Composite flexural strength and modulus of elasticity increased
with the increase of wood flour content, regardless of whether the
wood flour was treated or not by boric acid (Fig. 7). An increase of
174.5% was attained for flexural strength, from 23.8 MPa for WPA0 to
65.4 MPa for WPA50 (Fig. 7a). This increase is ascribed to the bridging
effect of wood flour [35]. The stress was transmitted between the
wood flour and PA 6 resin through the interfacial shear force. An in-
crease of 294% for the flexural modulus of elasticity was observed in
BWPA50 (Fig. 7b). This modulus increase is ascribed to the stiffness of
thewood flour. Also, wood flour restricted themovement and deforma-
tion of the PA 6 matrix resin due to hydrogen bonding and physical
crosslinking as shown in Fig. S8, which also contributed to the increase
in the modulus. The flexural strength and modulus of BWPACs were
lower than those ofWPACs, especially in the case of lowwoodflour con-
tent, indicating that boric acid has a negative influence on mechanical
properties. This can be explained by the fact that boric acid treatments
change the crystalline behavior of wood flour and reduce its strength.
On the other hand, the size of the wood flour in BWPACs was smaller













































osites (b) in three-pointflexural tests, and stress-nominal strain curves ofwood flour/PA 6
9J. Zhang et al. / Materials and Design 191 (2020) 108589influential parameters for the mechanical properties of bio-composites
[36].
It is worth noting that the difference in flexural properties between
BWPACs andWPACs decreased with an increase of wood flour content.
The flexural modulus of BWPA50 was even higher than that of WPA50.
High wood flour content would promote friction heat, resulting in fur-
ther degradation of wood flour followed by decreases in wood flour
strength. Besides, wood thermal degradation generated volatile organic
compounds, leading to a decrease in composites strength. However, the
boric acid treatment improved the thermal stability of wood flour,
preventing the decrease in wood flour strength caused by thermal
degradation.
Fig. 7c and d show the effects of wood content and boric acid on the
tensile performance of the resulting composites. The variation in the
tensile modulus of elasticity of the composites with wood content was
similar to that of theflexuralmodulus of elasticity (Fig. 7d). The increase
of the tensile modulus of elasticity was also due to the limitation of
wood flour on the movement and deformation of the PA 6 chains. In
this case, the crack propagation mechanism was dominant instead of
the dissipation energy mechanism of plastic deformation under exter-
nal energy. This could also explain the decrease of elongation rate
with an increase in wood flour content (Fig. S9). Furthermore, break
strain of the resulting composites decreased with increasing wood
flour content in both flexural and tensile tests (Fig. 8). However, the ten-
sile strength of the resulting composites showed decreasing trendswith
increasing wood flour content (Fig. 7c). Tensile strength is not only in-
fluenced by the intensity of interfacial adhesion but is also affected by
the softness of the interface between the resin matrix and the filler
[37]. The reduction in tensile strengthmay primarily due to theweak in-
terface resulted from the agglomeration of wood flour which initiates
failure under stress. Moreover, the wood flour restricted the mobility
of PA 6 chains and destroyed the original toughening effect for the
toughened nylon-6.
4. Conclusions
Boric acid can react with wood flour through complexation or ester-
ification, which promotes thermal stability in wood flour. Boric acid
slowed down the discoloration of bio-composites and was beneficial
for composite processing. However, boric acid decreased composites
strength. A good interfacial adhesion between lignocellulose and poly-
amide 6 was obtained because of their similar polarity. This study laid
the groundwork for future research on preparing lignocellulose-
engineered plastic composites through improving the thermal stability
of lignocellulose. The knowledge gained from thiswork and future stud-
ies will expand possible uses of biomass materials.
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